ABSTRACT We used scanning and transmission electron microscopy in a morphological examination of the antennae of two specialist predators of the exotic hemlock woolly adelgid, Adelges tsugae Annand, as an initial step toward understanding the potential importance of olfaction in host-Þnding behavior. Laricobius nigrinus Fender (Coleoptera: Derodontidae) possesses six types of sensilla on a relatively long antennae comprised of scape, pedicel, and nine annuli. Two types of basiconic sensilla contained numerous wall pores with branching pore kettles and were located on the terminal three annuli. The terminal annulus contained a placoid-like sensillum, and the penultimate and antepenultimate annuli contained a coeloconic-type sensillum forming a ring around the distal portion. Two types of sensilla chaetica were located along much of the length of the antennae. Pseudoscymnus tsugae Sasaji and McClure (Coleoptera: Coccinellidae) was found to possess Þve types of sensilla on an extremely short antenna, which is characteristic of the tribe Scymnini, consisting of scape, pedicel, and seven annuli. Three of the annuli were void of sensilla. Two types of sensilla chaetica were located on the scape and pedicel, as well as the terminal annuli. Three types of basiconic sensilla, one of which contained numerous wall pores, were identiÞed on the terminal two annuli. No sexual dimorphism was detected on either predator species. Our results suggest that olfaction is a more important sensory modality in L. nigrinus than P. tsugae, and that trap-based sampling methods incorporating olfactory cues are more likely to be successful for L. nigrinus than P. tsugae.
SINCE ITS INTRODUCTION to the eastern United States in 1952 (Souto et al. 1996) , the hemlock woolly adelgid (HWA), Adelges tsugae Annand has spread through approximately one third of the range of naturally occurring eastern hemlock, Tsuga canadensis Carriere (USDA Forest Service 2001) . Hemlock woolly adelgid population levels grow rapidly at both the tree and stand level, apparently unencumbered by either hostplant defense or natural enemies. Although in the landscape setting HWA is successfully controlled using chemical means, this option is unavailable in the forest setting because of economic constraints, ecological sensitivity of hemlock habitat, and patchy distribution within stands of T. canadensis and within individual trees. To reduce the rate of spread of HWA in the natural setting, several research groups in the eastern United States are actively pursuing biological control agents (McManus et al. 2000 , Salom et al. 2001 .
Commonly, hymenopteran and dipteran parasitoids are the preferred agents for biological control (Dahlsten and Mills 1999) . However, no parasitoids for Adelges piceae Ratzeburg (Homoptera: Adelgidae) were found after an exhaustive search as part of a massive biological control program. In addition, review of the sparse Adelgidae literature revealed no known parasitoids of any adelgid species (Zilahi-Balogh 2001) . Researchers have identiÞed and imported several specialist coleopteran predators for control of HWA. Included in these are Pseudoscymnus tsugae Sasaji and McClure, Scymnus spp. (Coleoptera: Coccinellidae: Scymnini) , and Laricobius nigrinus Annand (Coleoptera: Derodontidae) (Salom et al. 2001) .
The practice of biological control in the forest setting offers several obstacles not encountered in agriculture, including poor accessibility, ecological complexity, and multiple use (Dahlsten and Mills 1999) . As a result of these and other constraints, sampling for predators after release is complicated. At this time, P. tsugae is the only predator of HWA to have been mass-released (McClure 2001 , Salom et al. 2001 , and current sampling methodology for this predator is ineffective. Without accurate information on the population levels of predators, it is impossible to attribute HWA population changes to predator impact. In addition, rearing biological control organisms is costly and time-consuming, and the lack of an effective sampling method prevents researchers from assessing the level of success of a released population in becoming established.
Coccinellids are commonly employed as biological control agents and have been relatively well-studied (Hodek and Honek 1996) . Several recent publications have suggested that olfaction is a more commonly employed modality than previously supposed. Adalia bipunctata L. was shown to be attracted to the combined odors of aphid prey and the host plant (Raymond et al. 2000) . Hamilton et al. (1999) conducted a behavioral and morphological examination of Hippodamia convergens Guerin-Meneville, concluding that this species can perceive olfactory cues from its prey and host plant. Semadalia undecimnotata Schneider was found to possess wall pore sensilla suggestive of olfactory function on the terminal two segments of the antennae and a marked sexual dimorphism (Jourdan et al. 1995) suggestive of sexual pheromones. Chilocorus nigritus (F.) show a strong directional behavioral response to odors of its prey (Ponsonby and Copland 1995) . Chilocorus nigritus is of particular interest because it is of the same tribe, Scymnini, as P. tsugae and Scymnus spp.
The family Derodontidae is poorly studied, being a relatively small family and rarely of economic importance. All members of the family are mycophagous except the genus Laricobius, which has shifted to a tight predatory association with the Adelgidae (Lawrence and Hlavac 1979, Lawrence 1991) . This shift in host preference has drawn sporadic interest from biological control practitioners. Laricobius erichsonii Rosenhauer was imported from Europe as a potential biological control agent of A. piceae, which resulted in the most comprehensive studies of any derodontid species (Balch et al. 1958 , Franz 1958 , Brown and Clark 1962 , Buffam 1962 previous to the recent focus on L. nigrinus. No studies have rigorously examined olfaction in this family.
It is our objective to elucidate the innate hostÞnding mechanisms of P. tsugae and L. nigrinus as a step toward improving the accuracy of sampling methods. In support of this objective, we undertook a project to examine the antennal morphology of the predators to gauge the potential importance of olfactory cues in host location. In this paper we describe the antennal morphology of P. tsugae and L. nigrinus in support of biological control efforts. This is the Þrst published study on the antennal morphology of species from the family Derodontidae and the tribe Scymnini.
Materials and Methods
Insects. In December 2000, L. nigrinus individuals were collected from infested western hemlock, Tsuga heterophylla (Raf.) Sargent, in British Columbia, Canada and transported to Virginia Tech for colony establishment. During the months of January to March, adults were held at 12:12 (L:D) photoperiod and a 8ЊC day/4ЊC night temperature regime. In March, the photoperiod was extended to 14:10 (L:D) and temperature was held at 10ЊC. Laricobius nigrinus adults were sexed through manual extrusion of the genitalia (Zilahi-Balogh 2001), whereas P. tsugae adults were sexed through examination of the penultimate abdominal segment (Cheah and McClure 1998) .
A colony of P. tsugae was established from individuals obtained from the New Jersey Department of Agriculture, Bureau of Biological Pest Control. Pseudoscymnus tsugae were reared on Þeld collected HWA-infested hemlock in moistened ßoral foam contained within one gallon plastic oviposition jars and kept in a room maintained at 25ЊC, 65% RH, and a photoperiod of 16:8 (L:D) (Cheah and McClure 1998) . A honey/Wheast nutritional supplement was provided (Prod # 176, Planet Natural, Bozeman, MT). Twigs and gauze (for monitoring oviposition) were removed and replaced weekly. Material from oviposition jars was placed in a rearing chamber constructed of Plexiglas (60 ϫ 45 ϫ 45 cm). Each week a new rearing chamber was used. Fresh infested hemlock foliage was provided each week in moist ßoral foam and newly eclosed adults were collected 5 wk after the eggs and foliage were Þrst placed in the chamber.
Scanning and Transmission Electron Microscopy. For scanning electron microscopy (SEM), three adult insects of each species and gender were Þxed in KarnovskyÕs Þxative, post Þxed in osmium tetroxide, and critical-point dried (Baker 2001 ) before mounting on a stub using silver-based adhesive. Samples were sputter coated for 6 Ð 8 min with gold and studied using a Phillips 505 scanning electron microscope (FEI Company, Hillsboro, OR) at 15Ð30 eV. For transmission electron microscopy (TEM), antennae were excised from the head capsule and immersed into Þxative of 0.1 M sodium cacodylate buffer with 5% glutaraloehyde (GTA), 3% formaldehyde, and 2.75% picric acid twice for 15 min. The sample was postÞxed in 1% osmium tetroxide in 0.1 M sodium cacodylate for 1 hr, followed by dehydration in an ethanol concentration gradient (15%, 30%, 50%, 70%, and 95% for 15 min each). Samples were embedded in SpurrÕs resin. Thin sections were cut in the gold-interference region and stained with 5% uranyl acetate for 12 min and lead citrate for 5 min. Thin sections were mounted on Form-variety grids and examined using a Jeol 100 CX-II TEM (Jeol Inc., Peabody, MA).
Sensilla Type and Statistical Analysis. Sensilla were assigned to groups, and putative function was determined as suggested by Altner (1977) , Zacharuk (1985) , and Keil (1999) . StudentÕs t-test was used to compare for sexual dimorphism. No tests were conducted for differences between species.
Results
Tissue Þxation for both L. nigrinus and P. tsugae for TEM images was often poor. Therefore, it was difÞcult to interpret some of the TEM images of tissue within the lumen of sensilla. In particular, the distortion of lumen contents made accurate counts of and conÞ-dent distinction between dendrites and/or their branches virtually impossible. Thus, we refer to all dendritic material, whether an entire dendrite or a branch, simply as a Ôdendritic unit.Õ Laricobius nigrinus. Laricobius nigrinus possess 11-segmented antennae, comprised of the scape, pedicel, and nine annuli (Table 1, Fig. 1A) . The scape takes a bulbous form following a constriction distal to its insertion in the antennal socket. We found several sensilla of the Bohm form (Jourdan et al. 1995) proximal to the constriction that potentially function as mechanoreceptors. We did not focus our attention on these structures. The pedicel is somewhat smaller than the scape and slightly elongated. It inserts into the scape via a socket. The annuli are elongated, but are wider beginning at A7 (Table 1) . Following A6, the antenna continues to widen to form a gradual club shape. We were unable to detect any sexual dimorphism and all results presented hereafter are pooled sensilla counts for males and females. Sensilla counts decrease moving distally from the scape to A1, and subsequently increase progressing from A1 to A9 (Fig. 2) . Sensilla Chaetica Short. Sensilla chaetica short (S.ch.s.) range from 21 to 28 m in length and are 1.4 Ð1.7 m wide at the base (Table 2) . They are deeply grooved along the longitudinal axis and are located distal to a notch in the sclerotized cuticle of the antenna (Fig. 1A) . This sensillum is the most frequently encountered type and is present on all segments and annuli (Fig. 2) . They are interspersed with sensilla chaetica long on the scape and pedicel. Sensilla chaetica short form a ring around the proximal half of A1 to A6. The width of the band formed by this type of sensillum is increased in A7 to A9 and spans the proximal two thirds of the annuli. No pores were evident in TEM images and the majority contained one dendritic unit closely appressed to the inner cuticular wall. Some sections contained 3Ð 4 dendritic units.
Sensilla Chaetica Long. Sensilla chaetica long (S.ch.l.) are nearly as common as S.ch.s., but are not found on A9 (Fig. 2) . They are 55.0 Ð 63.0 m in length and 1.4 Ð2.0 m in width at the base ( Table 2 ). The only morphological difference between S.ch.l. and S.ch.s. is in size and location on the antenna. The two types are intermingled on the scape and pedicel and S.ch.l. form rings around the distal portion of each of A1 to A8 (Fig. 1A) .
Sensilla Basiconica Single. Sensilla basiconica single (S.b.s.) possess relatively thick walls and are permeated with pores with branched pore kettles extending to the lumen. They range from 14.0 to 30.6 m in length and taper from a width of 1.7Ð1.85 m at the base (Table 2 ) to a blunt tip. Thin sections revealed dendritic material dispersed through the lumen. This type is located solely on the distal portions of A7 to A9 and increases in number on A9 (Figs. 1B, 2) . Sensilla Basiconica Branched. Sensilla basiconica branched (S.b.b.) are structurally similar to S.b.s in wall thickness (Table 2 ) and the presence of pores with multiple paths to the lumen (Fig. 1D) . They differ in that they are clustered in groups of two to Þve arising from a common ßeshy base and are somewhat shorter, ranging from 10.6 to 27.0 m in length (Fig.  1B) . They are distributed on the distal portion of the Þnal three annuli, increasing in number from A7 to A9 (Fig. 2) . They possess wall pores and dendritic material dispersed through the lumen. In thin sections through the common base, a distinctly sectioned sheath is visible (Fig. 1C) comprised of one small compartment partially surrounded by a larger compartment.
Sensilla Placodea. Sensilla placodea (S.p.) are found solely on the terminal annulus of the antennae (Figs.  1B, 2) . Generally, three are located in a triangular pattern oriented toward the plane of bilateral symmetry of the insect and one is located opposite the cluster of three. The plates are Ϸ3.0 m in diameter (Table 2) , dome-shaped, and surrounded by a raised ring of cuticle. A nipple centered at the peak of the dome was visible on some images. No pores were visible using SEM, and we were unable to obtain TEM sections through this type of sensillum for transmission electron microscope images. Sensilla Coeloconica. Sensilla coeloconica (S.c.) are 4.2Ð5.4 m in length and 1.4 Ð2.1 m in width at the point of insertion (Table 2) . They are slightly sunken in a depression and surrounded by a raised ring of cuticle (Fig. 1B) . Although the wall appears smooth at the base, following a gradual reduction in width several Þnger-like projections extend toward the distal tip. Sensilla coeloconica were present only on the distal portion of A7 and A8, forming a ring under the projecting subsequent annulus (Figs. 1A, 2) . TEM sections revealed incomplete fusion of the Þnger-like projections.
Pseudoscymnus tsugae. Pseudoscymnus tsugae possesses a very short antenna consisting of a scape, pedicel, and ßagellum comprised of seven annuli (Table 1 ., Fig. 3A) . The scape and pedicel are the largest segments. The medial length of the Þrst annulus (A1) is less than that of the lateral, making the distal margin oblique. The oblique margin results in an angle that directs A2 medially when at rest (Fig. 3A) . Subsequent annuli continue this medial projection, forcing the highly fused A2-A7 into an angled position relative to the line formed by the scape, pedicel, and A1. We did not detect sexual dimorphism; thus, we report pooled results for sensilla counts. Five types of sensilla were distinguished (Table 2; Figs. 3 and 4) . The scape and pedicel are populated, primarily dorsally, with sensilla counts comparable to that of A6-A7. A1-A3 are vacant of sensilla and total counts increase through the Þnal four annuli, though the composition of sensillum type changes (see below). The sensilla of the terminal two annuli are concentrated into a distinct cluster.
Sensilla Chaetica Long. Sensilla chaetica long (S.ch.l.) are bristles 69.9 Ð 80.7 m in length and 1.9 Ð2.5 m in width at the base (Table 2) . They rest in a membranous socket, are void of wall-pores, and possess longitudinal furrows on the external surface. This type of sensillum is found on the scape, pedicel, and A7 (Figs. 3A and C, 4) . On the scape and pedicel they are interspersed with S.ch.s. Two S.ch.l. protrude from the tip of the terminal annulus (Fig. 3C) .
Sensilla Chaetica Short. Sensilla chaetica short (S.ch.s.) are 23.6 Ð38.0 m in length and 1.9 Ð2.1 m wide at the base (Table 2) . They possess identical morphology to S.ch.l., except in size (Table 2, Fig. 3A ). This sensillum is the most ubiquitous type on P. tsugae, being found on the scape, pedicel, and A4-A7 (Fig. 4) . On the scape, they are found primarily on the dorsal surface, on the pedicel in a ring around the terminal portion of the segment, and generally on the dorsal side of the A4-A7.
Sensilla Basiconica Medium. Sensilla basiconica medium (S.b.m.) are 17.8 Ð20.9 m in length and 1.3Ð 1.7 m in width at the base (Table 2 ). They gradually taper from the base to a blunt tip (Fig. 3B and C) . Sensilla basiconica medium are located solely on the terminal two annuli (Fig. 4) , and are more densely concentrated on the medial half of each annulus. No wall pores were visible using either SEM or TEM. Thin sections revealed an inner lumen containing dendritic material and an outer granular lumen, potentially a product of poor Þxation (Fig. 3E) .
Sensilla Basiconica Long. Sensilla basiconica long (S.b.l.) are 26.5Ð32.5 m in length and 1.9 Ð2.1 m in width at the base (Table 2) . They taper only slightly before terminating at a blunt tip and are found only on the terminal annulus (Fig. 3C) . One to three dendritic units were observed to extend into the lumen and no wall pores were present (Fig. 3D) . No tip pore was observed using SEM and we were unable to obtain thin sections through the tip. This type of sensillum extends distally beyond all other types on A7 except S.ch.l (Fig. 3C) .
Sensilla Basiconica Short. Sensilla basiconica short (S.b.s.) are 4.3Ð10.9 m in length and 1.0 Ð1.8 m in width at the base (Table 2 ). This type was found only on A7 in relatively low numbers and is largely concealed by the longer S.b.m and S.b.l (Fig. 3B) . The wall is permeated with pores that extend into the lumen, which contains dendritic tissue (Fig. 3 F) .
Discussion
Laricobius nigrinus possesses six types of sensilla on densely covered, relatively long antennae. The two basiconic types are permeated with wall pores suggestive of an olfactory function. The branched basiconic sensillum is situated on a membranous base, suggesting sensitivity to motion, and thus may serve a dual mechanosensory/olfactory role. Both basiconic types are present on the distal portion of the terminal three annuli in moderate numbers. Keil (1999) attributed an olfactory function to all known placoid sensilla, but we were unable to conÞrm the presence of wall pores. On L. nigrinus the placoid sensilla are situated solely at the terminal tip of the antenna beneath the much longer S.b.b., S.b.s., and S.ch.s . We believe this to be an unlikely location and orientation for contact chemoreception or mechanoreception, being apparently inhibited from substrate contact as a result of their proximity to longer sensilla. We therefore suggest an olfactory function, although we cannot rule out other functions such as thermo-or hygroreception. We obtained only one thin section through S.c., which revealed incomplete fusion of the Þnger-like projections, and the resulting wall-pore structure. Additionally, the external morphology Þts the description of olfactory coeloconic sensilla as described by Keil (1999) .
Laricobius nigrinus is equipped with three to four wall pore sensilla located solely on the terminal three annuli, offering promise that olfaction could be a modality used for long range host Þnding. The two types of sensilla chaetica are potentially either mechanosensory and/or contact chemoreceptive in function.
Some sections revealed a lumen containing one dendritic unit appressed to the interior cuticular wall, suggestive of mechanoreception, while others contained 3Ð 4 dendritic units dispersed through the lumen, suggestive of chemoreception. We were unable to conclusively associate innervation type with external morphology.
Pseudoscymnus tsugae possesses Þve types of sensilla on an extremely short antenna characteristic of the tribe Scymnini (Sasaji 1971) . One of these types, S.b.s., are permeated with wall pores and are present in low numbers solely on the terminal annulus. The medium basiconic sensillum appear to possesses a partitioned lumen. The inner lumen contains dendritic material while the outer has a homogeneous granular appearance, which may have been a result of poor Þxation. Zacharuk (1985) suggested this type of structure to be associated with contact chemoreception. The long basiconic sensillum is innervated by multiple dendritic units and may serve a contact chemoreceptive function.
Two morphological studies of coccinellid antennae have been conducted, each on larger species with a generalist predatory habit. Hamilton et al. (1999) examined H. convergens antennal morphology and olfactory behavior. The authors identiÞed three basiconic types and one trichoid type on the distal portion of the antennae. Ablation of the antennal tip resulted in a loss of the capacity to orient to olfactory cues. Additionally, sensilla counts (560 for males, 571 for females) were much higher than that for P. tsugae. Semadalia undecimnotata was found to possess four types of putative olfactory antennal sensilla and a marked sexual dimorphism (Jourdan et al. 1995) . The relative paucity of sensillum types, the extremely short antennae, and the extremely low population of wall pore sensilla suggest that P. tsugae do not rely on olfaction in long-range behavioral orientation.
In related experiments, L. nigrinus demonstrated behavioral modiÞcation to hemlock/HWA odors, whereas P. tsugae failed to respond (Broeckling and Salom 2002) . The behavioral results are largely in agreement with the morphological data. We wish to further examine the role of olfaction in L. nigrinus through electrophysiological assays and additional behavioral examinations; however, we do not see promise in using olfactory cues in a sampling procedure for P. tsugae.
